Nanoparticles and hydrogels have gained notable attention as promising potential for fabrication of scaffolds and delivering materials. Visible light-curable systems can allow for the possibility of in situ fabrication and have the advantage of optimal applicability. In this study nanogel was created from methacrylated poly-gamma-glutamic acid nanoparticles by visible (dental blue) light photopolymerization. The average size of the particles was 80 nm by DLS, and the NMR spectra showed that the methacrylation rate was 10%. Polymerization time was 3 minutes, and a stable nanogel with a swelling rate of 110% was formed. The mechanical parameters of the prepared structure (compression stress 0.73 MPa, and Young's modulus 0.93 MPa) can be as strong as necessary in a real situation, for example, in the mouth. A retaining effect of the nanogel was found for ampicillin, and the biocompatibility of this system was tested by Alamar Blue proliferation assay, while the cell morphology was examined by fluorescence and laser scanning confocal microscopy. In conclusion, the nanogel can be used for drug delivery, or it can be suitable for a control factor in different systems.
Introduction
Nanotechnology is one of the most promising possibilities to reach various special aims, in the field of biomedical devices and particularly in drug delivery. Nanoparticle-based systems have received increasing interest because the high surface to volume ratio ensures well-tailorable physical and chemical properties [1] . The application of synthetic or biodegradable polymer nanoparticles has been widely investigated in sensor technology, forensic science, or medical therapy [2] [3] [4] [5] . This group of 1-100 or sometimes 1-1000 nm particles can carry drugs that are dissolved, entrapped, encapsulated, or attached to the particles. In these ways nanoparticles, nanospheres, or nanocapsules were created [6] [7] [8] [9] [10] .
Under appropriate circumstances, many of these polymers form hydrogels and can improve the bioavailability of low or high molecular weight drugs or other biologically active agents [11] [12] [13] [14] . Hydrogels resemble natural tissues and due to their high water content they can deliver these materials in a minimally invasive manner [15] [16] [17] . These nanoparticle/active-agent formulations reduce the risk of toxicity and side effects, and they increase efficiency, specificity, and tolerability, which are the therapeutic index of drugs [18] [19] [20] .
Poly-gamma-glutamic acid ( -PGA) is a polyamino acid formed by the amide bond linkage between the amino group on the -carbon and the carboxyl group on the -carbon. -PGA is a naturally occurring anionic homopolyamide that is biodegradable, edible, nontoxic, and nonimmunogenic [21] . This polymer is well known and has been investigated for many special aims; for example, it is a good candidate for biomedical applications, tissue engineering, or drug delivery systems [22] [23] [24] . Different copolymer forms and hydrogels were created to realize the wide range of possibilities [25] . In the near past, nanoparticles were created from this material, and they were used for antigen protein encapsulation and for manipulating the antigen-specific immune response [26] [27] [28] .
Visible light photopolymerization has been widely used in the field of dentistry. This polymerization is not as widespread generally as the other (higher energy used) methods. The lower energy cannot cause any harmful effects, and this advantage is important in biomaterials. In our previous study a -PGA-based photopolymerizable hydrogel was developed, and it was described as an alternative drug delivery vehicle [29] . Recognizing the new possibilities of nanoparticles we enhanced the original concept.
The aim of this study was to prepare and to characterize a light cured methacrylated -PGA nanoparticle-created hydrogel system (PGA nanogel) which can be used practically in situ. To achieve the objective, the reactive NP synthesis and fast nanogel creation were demonstrated. The mechanical properties, swelling kinetics, and release profile of ampicillin were investigated, and finally, Alamar Blue assay was performed to assess the biocompatibility of the nanogel system; the proliferation behavior of the cells was demonstrated by fluorescence and confocal laser scanning microscopy.
Material and Methods

Modifications of PGA.
The poly--glutamic acid ( -PGA, = 1.2 × 10 6 , from GPC) was purchased from Nanjing Saitaisi Biotechnology Co. Ltd. (Nanjing, China); in the first step, nanoparticles (NPs) were created as previously described [30] . Water-soluble 1-[3-(dimethylamino) propyl]-3-ethylcarbodiimide hydrochloride (EDC) (Carbosyth Limited, Compton, Berkshire, UK), 2,2 -(ethylenedioxy)bis(ethylamine) (98%) (EDA) as crosslinker, 2-aminoethyl methacrylate hydrochloride (90%) (AEM) as methacrylating agent, and ampicillin sodium salt as active substance were purchased from Sigma Aldrich (St. Louis, MO, USA). Irgacure 2959 (∼99%, CIBA) was applied as photoinitiator. In the first step, the biocompatible and biodegradable -PGA was activated by EDC, and EDA was used for creation of PGA-NPs. In the next step, the remaining carboxyl groups were activated by EDC, and the created PGA-NPs were modified by methacryloyl group used by AEM. The polymer concentration was 10 mg/mL in water, and the reaction time was 24 hours per step. The purification of methacrylated-PGA-NPs was done with Vivaflow 200 (MWCO 10.000 Da, PES) used by minimum fivefold amount of water. The purified polymer was freeze-dried in a Virtis Freeze Drier (CHRIST ALPHA 1-2) under vacuum at −52 ∘ C for 4 days. The scheme for chemical modifications of PGA is demonstrated in Figure 1 . These methacrylated poly--glutamic acid nanoparticles (MPGA-NPs) can be polymerized using visible (blue) light, which can be found in the dental practice. ∘ in optically homogeneous quartz cylinder cuvettes. The samples were prepared from freezedried material. The concentration of the polymer dispersion was 0.5 mg/mL.
Characterization of the Methacrylated Nanoparticles (MPGA-NPs
2.3.
Synthesis of PGA Nanogel. MPGA-NPs based hydrogels (PGA nanogel) were synthesized by free radical-initiated photopolymerization in saline solution. 33 w/w% of MPGANPs were mixed with the solution of the photoinitiator (2 n/n% for methacryloyl group). The photopolymerization took place in a Dentacolor XS (Kulzer, Germany) photopolymerization chamber (435 nm, ∼3 watt/cm 2 ). The reaction time was 180 s in flash mode. The molds of the samples were cylindrical, with a depth of 2 mm and a diameter of 5 mm, and were made of Teflon.
2.4.
Characterization of the PGA Nanogel. The PGA nanogels were dehydrated with acetone/water solutions and were dried at critical point using CO 2 ; finally, they were sputter-coated with gold for 30 s. The plasma current was 18-20 mA, while the sputtering Ar pressure was 10-20 mPa during the coating. The thickness of the deposited Au layer was about 100 nm. Samples were imaged using a scanning electron microscope (SEM, Hitachi S4300 CFE, Tokyo, Japan) at an accelerating voltage of 10 kV.
The mechanical properties of the PGA nanogels were investigated with an INSTRON 5544 Universal Mechanical Analyzer (Instron, USA). The compression tests were performed on cylindrical samples with full scale load range at 0.1 kN and crosshead speed at 2 mm/min. The cylindrical hydrogel samples had a diameter of 5 mm and specimen length of 2 mm.
Gravimetric analysis of the PGA nanogel was performed for the swelling experiments. It was carried out by immersion of nanogels in saline solution. At predefined intervals of time, the samples were removed from water and wiped with bolting paper to eliminate the excess water. The measurements were iterated until the hydrated gels achieved a constant weight value. The weight swelling percentage (Wp) for each sample was calculated as follows:
where Ws is the weight of the swollen gel and Wo is the original weight of the gel after polymerization. The PGA nanogels were prepared for release studies with 3.33 mg/g ampicillin content. The main purpose of these experiments was to examine the release rate of the drug from the loaded matrix. The investigated samples were immersed in saline solution (20 mL) and subjected to continuous magnetic stirring. At regular time intervals, an aliquot of 0.2 mL was removed, and the concentration of ampicillin was measured by HPLC; a Dionex Ultimate 3000 (Dionex Softron GmbH, Germering, Germany) instrument was used with Accucore6 aQ (C18, 2.6 m) column and UV detection at 210 nm. The mobile phase was 60% saline solution and 40% acetonitrile, and the flow rate was 0.4 mL/min. The removed liquid was replaced by fresh saline solution. The final result was expressed by the percentage of the original drug content. In the cases of mechanical analysis and determinations of swelling and release properties the results of PGA nanogels were compared with methacrylated-PGA hydrogels (MPGA hydrogels) [29] . The schematic illustration of the hydrogel and nanogel creation is shown in Figure 2 .
Cell Viability Investigation.
Human osteosarcomaderived SAOS-2 cell line (ATCC, USA) was used for Alamar Blue (Invitrogen, DAL1100) cell proliferation assay. 9 * 10 4 cells/well were placed in a 24-well cell culture plate and cells were let to attach to the bottom of the wells for 4 hours. Attached cells were washed with colorless DMEM (Sigma Aldrich, D5921) and were incubated at 37 ∘ C in a CO 2 incubator for 2 hours in Alamar Blue reagent diluted [29] , and the PGA nanogel.
10x in colorless DMEM. The fluorescence of the reduced Alamar Blue was measured by Hidex Sense Microplate Reader (Hidex Oy, Turku, Finland) using 530 nm light for excitation. The emitted fluorescent light was detected using a 590 nm emission filter and mean fluorescence intensity was determined (indicated on the graph as day 0). After the measurement, Alamar Blue reagent was replaced with DMEM medium (Sigma Aldrich D6046), in which PGA nanogels (2 mm × 5 mm gels were used) were submerged using Millipore 24 Well Millicell hanging cell culture inserts 0.4 m PET (Millipore Co. Billerica, MA). Measurements were repeated after 4, 24, 48, and 72 hours. Nanogels were removed every time before the measurements; after the removal of Alamar Blue, the gels were placed back into the wells; therefore the same cells could be measured during the experiment. Nontreated SAOS-2 cells, grown in 2D culture, were used as control. Error bars on the graphs represent the standard deviation (SD) of three parallel measurements.
The effect of the antibiotic ampicillin in free form and loaded into nanogel was compared with a microbiological method. E. coli ER2738 (NEB) was seeded in top agar on LB plates. The PGA nanogels with or without ampicillin were placed immediately into the top agar. Ampicillin or saline (as negative control) solution was pipetted in small wells in the top agar. Four parallel plates were used. The ampicillin solution and the loaded PGA nanogels contained the same amounts of antibiotic in each plate. Pictures were taken after 4, 6, 8, and 20 hours with a Canon EOS 70D digital camera. The areas of the plaques were measured using ImageJ software.
Cell Imaging Techniques.
The PGA nanogel samples for the different microscopy analyses were fixed chemically to the glass surface. 13 mm diameter # 1.5 circle coverslips (Thermo Scientific Menzel GmbH. Germany) were treated with a 1 : 1 solution of 48 v/v% hydrofluoric acid (VWR International, ECR) and distilled water for 1 min, and after cleaning (twice in distilled water and once in acetone), they were modified with silane molecule (Ultradent5 Silane, Ultradent Products Inc., USA). After air-drying, the PGA nanogel was applied as a thin film layer and was chemically attached by 90 s of photopolymerization in a Dentacolor XS chamber. These samples were placed into a 24-well plate and were disinfected for 30 minutes by UV light. Untreated coverslips were used as negative control.
SAOS-2 cells were stained with CellTracker Green BOD-IPY (Molecular Probes, USA) for 30 minutes and then seeded (10 5 cells/well) on coverslips for fluorescence microscopy. Each sample was restained with CellTracker Green for 30 minutes before 24-, 48-, 72-, and 168-hour microscopy. The culture medium was changed and propidium iodide was added before each microscopic examination. Pictures were taken after 6, 24, 48, 72, and 168 hours with Zeiss AxioVert A1 inverted fluorescence microscope (Zeiss, Germany).
SAOS-2 cells were seeded (10 5 cells/well) on coverslips for confocal laser scanning microscopy. Samples were labelled after 6, 24, 48, 72, and 168 hours. An earlier described labelling protocol was modified [31] . Shortly, samples were washed three times in glucose-HEPES buffer (20 mM HEPES, 123 mM NaCl, 5 mM KCl, 1.5 mM MgCl 2 , and 1 mM CaCl 2 ), which was followed by fixation in 1% paraformaldehyde for 10 minutes; then the samples were washed again three times in glucose-HEPES buffer. After A488-phalloidin and Hoechst (Life Technologies, USA) labelling in 0.1% Triton X-100 (Sigma, USA) for 30 minutes, the samples were washed again three times in glucose-HEPES buffer; then they were fixed in 1% paraformaldehyde, covered with Fluorescent Mounting Medium (DAKO, Denmark), and mounted to microscope slides. Confocal images were taken with Zeiss LSM 510 META confocal laser scanning microscope (Zeiss, Germany).
Statistical Analysis.
To compare the distributions and the means of the groups, we applied the independent sample -test or Welch's -test depending on the equality of the variances. For the latter question, Levene's test was applied. However, because of the small sample sizes and the possible lack of normality of the original distributions, we also ran the Mann-Whitney test, which can be considered as a nonparametric alternative to the -tests. We also used ANOVA to see the influence of the factors. We used IBM SPSS Statistics 22 for the statistical calculations.
Short list of abbreviations of investigated materials is as follows:
-PGA: poly-gamma-glutamic acid.
NPs: nanoparticles.
PGA-NPs: poly-gamma-glutamic acid nanoparticles (in our case intermediate).
MPGA-NPs: methacrylated-poly--glutamic acid nanoparticles.
PGA nanogel: methacrylated -PGA nanoparticlecreated hydrogel/nanogel system. MPGA: methacrylated-PGA polymer.
MPGA hydrogel: methacrylated-PGA hydrogel (based on MPGA polymer, as previously described [29] ).
Results and Discussion
3.1. Nanoparticle Characterization. The structure of -PGA and MPGA-NP was characterized by NMR spectroscopy. On the basis of the NMR results, the signals of crosslinker can be found on the spectra of MPGA-NP, and the methacryloyl groups were attached to the polymer backbone. The signal assignments were performed as follows = 4.2 ppm ( -CH) ( Figure 3, PGA molecule) . Further signals were determined from the PGA backbone = 2.4 ppm ( -CH 2 ) and = 2.09 and 1.95 ppm ( and -CH 2 ) and = 3.23, 3.62, 3.70 ppm (-CH 2 groups) for the crosslinker moiety from EDA. The signals of the methacryloyl group were assigned = 6.09, 5.70, and 1.88 ppm. These peaks show that the initial crosslinking and the subsequent methacrylating reactions were successful; the signals of different groups could be found in the spectrum. The intensities of the methacryloyl peaks are lower (10%) than the calculated value (50%), but this reactive group allowed the fast photocrosslinking reaction. This phenomenon is not unknown; Zeng et al. reported similar results in connection with a comparable system [23] .
Particle sizes of the created MPGA-NPs were determined by DLS measurements. The measured sizes of NPs ranged from a few dozen ) to a few hundred (100-200) nanometers (Figure 4) . The average diameter was around 80 nm in the different measurements. The volume distribution shows bimodal characteristic, but the ratios of these two groups show that the vast majority of the NPs are represented in the smaller size (22-41 nm) group (Table 1) . The distributions by intensity values show other results. In this case however, the overrepresentation of the larger particles is due to the calculation formula used. However all of the results proved that the particles were nanosized.
Description of the PGA Nanogel
Demonstration of Nanogel Structure.
The SEM micrographs confirmed the DLS results, because the different nanoscale morphology was clearly visible on the surface images in the deeper regions of the hydrogels and also on the broken surface ( Figure 5 ). Figure 5(a) shows the superficial surface of the PGA nanogel. In the image small particles can be recognized. The nanogel consists of these less than 200 nm sized particles. Image of the broken surface can be seen in Figure 5 (b). Different reticulate structures could be found in the nanogels; these structures also had nanoscale dimensions. The dimensions of the filaments and particles ranged from 50 to 100 nm.
Mechanical Parameters, Swelling, and Release
Properties of the Nanogel. Relatively short, 3 minutes, photopolymerization time is enough to obtain a flexible and stable gel. The mechanical stability of the prepared structure can be as strong and as stable as necessary for an application in a real situation, for example, in the mouth [32] [33] [34] . Mechanical testing shows that the couplings of the methacrylated nanoparticles are not as complete as in the case of MPGA hydrogel. Despite this, the results showed that, in this way, dimensionally stable structure can be formed from MPGANPs. The results of the compression tests showed that the strain of the PGA nanogels can achieve higher values. The differences are in the modulus and in the stress parameters; the MPGA hydrogel reaches considerably higher values, in the case of stress (1.48 MPa), which is double the value of the nanogel (0.73 MPa) ( Table 2) . Young's modulus shows an even more explicit, MPGA hydrogel (4.32 MPa) and PGA nanogel (0.93 MPa), more than fourfold, difference. The statistical analysis clearly shows that the means (and the distributions) of Young's Modulus values of the two cases, MPGA hydrogels and PGA nanogels, differ significantly (Table 3) . Nevertheless the most important fact is that these mechanical parameters of the reactive nanoparticle-created hydrogel could be suitable for application. Its mechanical properties ensure that the PGA nanogel can maintain its 3D structure and could be useable for dental applications (e.g., next to a tooth in a pocket that is only covered by gum) [35, 36] . The mechanical properties of this gel are comparable with or better than other PGA-created hydrogels [23, 37] . The photograph of the prepared gels ( Figure 6 ) also shows noticeable sharp edges and well-defined shapes as evidence for the successful photopolymerization reaction at a depth of 2 mm. The swelling properties of the gels are definitely related to the structure (Figure 7) . This explains why a 125% liquid Figure 6 : Prepared methacrylated-PGA nanoparticle-created hydrogels (PGA nanogels).
uptake was found in the case of the MPGA hydrogel and only 110% in the PGA nanogel. The more compact structures of the particle-based system could cause this difference, which is an advantageous parameter considering the fact that the possibility of swelling in the field of the applications is limited (e.g., next to a tooth in a pocket, a greater volumetric change would not be desirable). The first kinetic stage of the swelling is relatively fast and reaches the equilibrium state in the first hour.
The release properties of the PGA nanogel were studied with the generally used antibiotic drug ampicillin. The kinetics of release show initial burst release that reachs the maximum in the 4th hour, and after that the MPGA hydrogel and the PGA nanogel achieve steady state within 24 hours. This status does not change in the remaining days (Figure 8) . In similar conditions the free drug solution would become diluted in the first few seconds or minutes, but the polymer matrix delays this process. The main difference between the hydrogels is that the nanoparticle-based system, the PGA nanogel, demonstrates a retentive effect and can give us a possibility for control. This remaining part of the drug could be mobilized due to the biodegradability of the PGA as a natural process in the circumstances of application. These in vitro results were obtained from 20 mL of saline solution and ∼40 mg hydrogel/nanogel samples. Therefore, in other situations, where the quality or the amount of the medium would be different, the release profile could be different. For example, in the periodontal pocket, where only a slow flow of sulcus fluid exists, leaking of the drug could be substantially altered. In the literature we can find various drugs used in clinical practice that could be effective alone, or as a part
Journal of Nanomaterials of the treatment of periodontal diseases. The application of these drug delivery systems is well established [38] . They can be used in diverse ways according to the clinical situation. The application of drug solutions or ointments, or in other cases embedding drugs in crosslinked-polymer matrices or fibers, can help us change or control the release profiles of the active components. Jhinger et al. compare the effectiveness of two drug delivery systems, microbeads and standard crosslinked polymer matrix controlled release [39] . This microformulation of drugs is one of the newest ideas that we can find on the market. Nanosized drug delivery systems for periodontal treatment are not available yet, but there are some other areas where we already benefit from the application of nanotechnology [40] . Based on these ideas this in vitro study could be the first step towards a new drug delivery system, and this concept can give us a good candidate for a more effective treatment of periodontal diseases.
All of the measurements were performed in at least three parallel experiments for the purpose of statistical analysis, except for the mechanical testing ( = 10), the swelling ( = 5), and the microbiological experiments ( = 4).
The effect of the antibiotic ampicillin in free form and loaded into nanogel was compared with a microbiological method ( Figure S1 and Table S1 in Supplementary Material available online at http://dx.doi.org/10.1155/2016/7350516). Ampicillin released from the nanogel created a somewhat (90-95%) smaller plaque on an E. coli lawn compared to ampicillin solution. Based on these results we conclude that although ampicillin releases are similar, the nanogel still has a slight retaining effect.
Biocompatibility of the PGA Nanogel
Alamar Blue Viability Test and Proliferation Imaging
Methods. Toxicity of the PGA nanogels was examined by Alamar Blue assay using human osteosarcoma cell line (SAOS-2). In this set of experiments nanogels were submerged in the growth medium used by Millicell hanging cell culture inserts. During Alamar Blue treatment, the nanogels were removed and they were placed back after the measurement to continue the nanogel immersion. Thus a self-control analysis could be performed by measuring the same cells, keeping them alive for 72 hours, and changing the growth medium at every measurement. Three parallel measurements were performed to compare PGA nanogeltreated cells and untreated control cells. The results showed that no significant difference could be observed between the control and nanogel-treated cells.
According to the statistical analysis of the data at all time points, the mean values are the same on the basis of the -tests. The values of the appropriate -tests can be seen in Figure 9 in parentheses. The Mann-Whitney test gave similar results; namely, the values were far greater than 10% in all cases. The ANOVA with factors time (hours) and group (control and PGA nanogels) also gave the conclusion that the data did not show difference between the different groups ( value > 0.8), but they clearly showed significant difference in time.
Cell attachment to the nanogel surface is an important aspect of biocompatibility. As Figure 10 illustrates, living cells are attached to the PGA nanogel and to the coverslip in comparable amounts at the 6-hour time point (Figures  10(a) and 10(f) ). Green Tracker staining shows living cells in green, while propidium iodide staining shows the nucleus of the dead cells in red. While cells proliferate evenly on the coverslip surface (Figures 10(a)-10(e) ), they form clusters of different sizes on the hydrogel as it was demonstrated earlier on 3D scaffolds [41] [42] [43] . These clusters grow in size as SAOS-2 cells proliferate (Figures 10(f)-10(j) ). The increasing size of the clusters and the very few observable dead cells support the result of the Alamar Blue test, namely, the fact that this PGA nanogel is cytocompatible.
Cell morphology on the hydrogel is similar to the natural spheroid phenotype, which is usual in 3D scaffolds, and these cells create clusters (Figures 10(f)-10(j) ) [43] . This is in contrast to the coverslip control, where the cells grow in 2D and show flat phenotype (Figures 10(a)-10(e) ). This is the reason that in the case of flat surface the density of the cells is growing, while in the case of PGA nanogel the sizes of clusters are increased. When the cytoskeleton is stained with Alexa488 conjugated phalloidin, higher magnification with confocal imaging clearly shows the natural spherical morphology of the cells attached to the nanogel and represents the different structures of the clusters (Figures 10(k)-10(o) ).
Conclusion
In this study a visible (blue) light polymerizable hydrogel system was demonstrated, which was created solely from methacrylated-PGA nanoparticles. The reactive nanoparticles were characterized by DLS measurements and could be recognized in SEM images. The swelling and mechanical properties of the created PGA nanogel allow for the production of a suitable candidate for a system that can be used directly in the mouth. The release behavior provides control possibilities because the nanoparticle-created hydrogel (PGA nanogel) retains a part of the antibiotic drug. Biocompatibility of the nanogel was verified by Alamar Blue and confocal microscopy. The Alamar Blue test showed that the PGA nanogel would not cause any side effects, and the microscopy techniques proved the viability and morphology of the cells. The described properties and the possibility of in situ applications offer flexible drug dosage. The opportunity of direct administration means better therapeutic effect of different antibiotic drugs or any other bioactive factors.
